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The secret of happiness is not in doing what one 
but in liking what one has to do. 


-- James M. Barrie 
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Lesson Page 1 
MODULATION 


In our. early explanations of Radio we told you that a fre~ 
quency of 10,080 cycles per second was often considered as 
the dividing liné between the Audio™and Radio regions of en~ 
ergye ‘Thus, in general, the frequencies which we can hear, 
can not be transmitted directly through space, while those 
which can be transmitted will not. affect our ears. 


To be of practical benefit, the radiated or transmitted fre— 
quencies must be made to carry intelligence so that, at the 
receiver, they will produce an action which affects at least 
one of our senses, Due perhaps to its comparative simplicity, 
or similarity to the Telegraph, the early Radio systems were 
arranged to producé audible code signals and were known as a 
Wireless Telegraph. 


In these early systems, the higher transmitted Radio frequen= 
cies had to carry lower or audio frequencies, and this was 
accomplished by starting and stopping the high frequencies 
according to a pre=arranged code. At the receiver, the re- 
ception of thé high frequencies would cause a local circuit 

to be energized and thus a telegraph sounder could.be operatede 


In general, the control_of the radiated: en _enabli ib—to 
2: fine rae energy, 


garry signals)? known as "modulation", Thus wéhave the con—. 


trol” or "modulation frequency and the radiated or "Carrient 
frequency. : 2 ; a5 
By the general methods first mentioned y a Wireless" system 
can transmit whessages eimilar to those of the wired Telegraph 
systems but Radio enjoys its present popularity because it can 
transmit messages of. the same type as the Telephone. 


For this type of signal, the high frequency carrier must be 
modulated by the audio frequency of the signal and thus, the 
original method of stopping and starting the carrier is not 
Practical. Instead, the carrier is made to vary at the rate 
of the modulating frequency and present day systems..can be 
classed according to the type of variation, 
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To explain the modulation methods of the older and more common 
systems, for Figure 1 we have drawn a simplified circuit of a. 
‘Radio Frequency oscillator of the Electron Coupled Type. 


As explained in the lesson on Oscillators, the values of con 
denser C and Inductance L control the frequency at which the 
oscillator operates. The tuned circuit, commonly known as a 
"tank" circuit made-up of ¢, and Iq in the plate circuit 

of the screen grid tube, may be adjusted to the same frequen- 
cy as G-L.or one of its harmonics. Coil Lg,. inductively 
coupled to coil Lj, will’contain a constant frequency which 
may be radiated or braodcast when properly connected to an an= 
tenna. 


The basic principle of operation of Figure 1 is very similar 
to circuits previously explained. However, we want to offer 
ereater detail with regard to the variations in order that 
you clearly understand the action of a simple transmitter. 


Considering only the cathode, control grid and screen grid 
circuits of the tube, we have the basic arrangement of a 
triode Hartley Oscillator. In this instance, the screen 
f@rid serves as the plate. 


As the instant power is supplied there will be a surge of 
screen grid (plate) current'to the cathode, through the lower 
portion of L and back to B+. Acting as an auto-transformer, 
this change of current through a part of L indwes an emf in 
the entire winding. 


The polarity of this emf is such that the grid, coupled to the 
upper end of the coil through condenser Cys becomes more poSie 
tive in respect to the’ cathode and causes a further increase 

of screen grid current. However, as soon as the grid beccmes 
positive, there will be grid current which carried by resistor . 
Rg produces a voltage drop that tends to make the grid nega~ 
tive in respect to the cathode. 


This action continues until the opposing voltages become bal~ 
anced at which point there is no further change of grid po~ 
tential, the screen grid current does not vary and the induc~ 
tion in coil L dies out. With no induced emf to maintain the 
positive grid potential it diminishes in value, the grid be~ 
comes less positive or more negative, and causes a reduction 
of screen grid current. 


During the period of increasing screen grid current, condenser 
G is charged to the voltage across the entire coil L and, as 
the emf dies out, the condenser discharges through the coil 
causing a reduction of tank circuit voltage. As mentioned 
above, this reducing voltage lowers the positive grid poten-. 
-tial to cusse a reduction of screen grid currente 


oon 
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With reducing screen grid current, the. magnetic flux. around: 
coil L becomes weaker or collapses and reverses the direction 
of induction, thereby aiding the discharge of the. condenser. 
Thus, the grid becomes more negative, the reduction of sereen 
grid current continues and the resulting induction not only 
discharges. the condenser completely but charges it with a volt- 
age of opposite polarity, 


This action continues until the grid potential is sufficiently 
negative to cut off the screen grid current and the magnetic 
flux, set up by coil L, is reduced to zero, With zero. flux, 
the induction dies out, the condenser starts to discharge and 
‘the grid potential becomes: less negative, thereby, allowing 

the re-establishment and increase of screen erid current. With 
increasing screen grid current, the action is as previously 
explained and the complete cycle is repeated. 


The speed at which the changes’ occur depends upon the values 
of coil inductance and the condenser capacity which thereby 
regulates the rate at which the complete changes take place 
and control the frequency of the oscillator, 


As.shown in Figure 1, the plate of the tube connects to a sep- 
arate supply terminal usually of higher voltage than that of 
the screen grid. Therefore, many of the emitted electrons - 
will: pass through the screen grid mesh and reach the plate, 
but the previously, explained action of the control grid volt- 
age will vary the stream of électrons at the frequency of the 


oscillator. 


Because of this action, the plate current will vary or pulsate 
at the oscillator frequency and develop a-c power in the plate 
tank circuit which, in Figure 1, consists of coil Ll and con- 
denser Cl. This circuit may be tuned to the fundamental or 
some harmonic of the frequency to which the grid tank circuit 
L-C is tuned, : 


Through the inductive coupling between the coils, power in the 
plate tank circuit L1-Cl is carried over to coil L2 and radi- 
ated into space when the coil is connected in a suitable anten- 
na system. 


Notice in our explanation. so far, there is nothing to cause a 


change in either the frequency or amplitude of the output. How- | 


ever, should we connect a telegraph key in the cathode circuit 
of the tube, the oscillator could be stopped and started at 
will to provide code transmission. We mention that action 
mainly to show that the high frequency output must be modu- 
lated inorder to carry intelligible signais. 





* 
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Going back to Figure 1, the greater the magnitude of the cur- 
rent changes in the load circuit, the greater the a-c power 
available for radiation of intelligence. In order to obtain 
greater power output, greater plate voltage changes are re- 
quired. Consequently, the power output of this transmitter 
is controlled fundamentally by the magnitude of plate voltage 
changes. 


Between the "B+" supply and the tuned plate circuit, "C1-L1" 
you will find the coil TS which is the secondary of an audio 
frequency transformer, Because of its series connection, any * 
voltage developed in this winding will be impressed on the 
plate circuit of the oscillator tube, 


For simplicity, we have shown the transformer primary winding, 
"TP" connected in series with a carbon microphone and a bat- 
tery. When sound waves strike the microphone diaphragm, they 
cause it to vibrate and this movement produces a corresponding 
change in the resistance of the carbon button, As a result, 
the current in the circuit will vary at the frequency of the 
sound waves which strike the microphone diaphragm and the 
amount of this variation will be proportional, to the strength 
of the sound. 


The current changes in the primary of "TP" will cause corres- 
ponding changes of voltage across the secondary IS. Consider-~ 
ing this voltage as a-c, during one alternation it will aid 
the d-c supply, causing the total plate voltage to increase 
and during the following alternation, it will oppose the d-c 
supply, causing the total plate voltage to decrease. 


Because of this action, the strength, or amplitude of the os- 
cillator output will vary with the sound waves which strike 
the microphone diaphragm, to produce what is known as ampli- 
tude modulation, 


ene 
As explained in the lesson on resonant frequency circuits, the 
basic expression for resonance is f = —LH . Since there is 


es mic 
no indication of "R" in the formula, changing the resistance 
of the circuit, containing an L-C tank, does not change the 
value of the resonant frequency, but rather changes the mag- 
nitude of the current in the circuit. 


It is customary to represent the output of an amplitude modu- 

lated wave by the plan of Figure 2-B, and we want you to study 
it carefully in order to be familiar with two important char- 

acteristics. 


First, as indicated by the light, broken vertical lines, the 
frequency of the-oscillator remains constant as each cycle 
occupies the same horizontal distance on the curve, 


~ 
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Second, the height or amplitude of the cycles vary and, by 
drawing a light line across the tops or bottoms of each of the 
peaks of the cycles of Figure 2-B, the resulting curve would 
represent the modulation frequency or signal, 


Thus, for amplitude modulation, the carrier has a constant fre- 
quency the amplitude of which varies”as the Signal-or-modula- 
tion frequency. Looking at Figure 1 again, -you-can-see that 
the stronger the audio signal at the microphone, the greater 
the voltage across "TS". This, in turn, means a-greater vari- 
ation in the amplitude of the ¢ycles of Figure 2-B. 


At the left of Figure 2-B we : show a few cycles of unmodulated 
output and you will notice both the frequency and output are 
constant. The heavy.line directly above the left part of Fig- 
ure 2-B labeled "no sound".(Figure 2-A) indicates further that 
no intelligence is carried by the wave. The curve at the 

right of Figure 2-A is.the wave form of the modulating signal, 
and is a.loud note.of rather low frequency. The wave is really 
a projection of the variation in amplitude of Figure @-B. Hori- 
zontal line "A" of Figure 2-B represents the axis or line of’ 
zero output and thus, the distance between lines A and B rep- 
resents the value of the unmodulated output. 


Following the peaks of the modulated cycles, you will find they 
drop ‘from line B to line C and then rise from C to B to D. 
Thus, line B becomes the axis of the modulation frequency and 
the distance between lines C and B or D and B represents the 
amplitude of the signal frequency. 


When the value of BD is equal to’ that of AB, the amplitude of 
the carrier will vary from zero to twice its unmodulated value 
and we say there is 100% modulation. For other values, the 
percentage of modulation is the ratio between the peak of the 
modulating frequency. and the peak of the unmodulated carrier. 
Using the letters of Figure 2-B as an equation 


% modulation = EP x:100 
Figures 1 and 2 represent the common system of amplitude modu- 
lation and, as the action of receivers designed for this type 
of signal has already been explained in detail, we will not 
repeat. 


___ FREQUENCY MODULATION 


Earlier in this lesson we said that, "In general, the control 
ef the radiated energy, enabling it to carry signals, is known 
as Modulation", but nothing was said in respect to the type of 
control. For_¢ code transmission, the carrier frequency is sim- 
ply stopped fand started at the desired instants, while for 
amplitude “modulation, the strength of the carrier frequency is 
vewuce vat the’ rate of the signal frequency. , 
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To illustrate another method of modulation, for the circuit 
of Figure 3 we have the oscillator of Figure 1, but, instead 
of the carbon microphone and transformer in the plate circuit, 
have connected a condenser type microphone across the tuning 
condenser of the oscillator tank circuit. 


However, as we mentioned for the circuit of Figure 1, the 
oscillator frequency is controlled by the values of C and L 
in the tank circuit. As L represents a coil of fixed induct- 
ance, the frequency can be adjusted by changing the capacity 
of the variable condenser "0", 


Referring again to the familiar resonant frequency formula, 


ee ee 
amc 
a change of the capacity "C" will change the value of the 
resonant frequency. As a matter of fact, increasing the value 
of C decreases the value of the resonant frequency, whereas 
decreasing "C'' increases the frequency. 
Sr \ en =e ee Eee 
From the explanations of the earlier ins you will remen- 
ber that the diaphragm of a condenser type microphone is in 
effect, the movable plate of a two plate variable condenser. 
The sound waves, which strike the diaphragm, cause it to de- 
flect and this movement produces a corresponding change of 
capacity. 


—tL 


In the simplified arrangement of Figure 3, these variations - 
of capacity in the microphone will cause a change in the total 
capacity across the tank coil L and thus produce corresponding 
change of oscillator frequency. With this arrangement,.the 
audio. or signal frequencies will control the oscillator or 


carrier frequency and thus we have Frequency Modulation. . 
ee 





The curve of Figure 4-B represents the modulated output of the 
oscillator of Figure 3, the same as the curve of Figure 2-B 
conforms to Figure 1. By comparing these two curves care- 
fully, you will notice, in Figure 4-B the_amplitude remains. 
constant but the frequency, shown by the horizontal distance 
between adjacent peaks, has quite a wide variation. 


In Figure 4-A the curve again shows the waveform of the audio 
modulat ing signal, and we will assume that it represents a 
note “of low audio frequency of medium loudness, 


As already explained, when no modulation exists a definite 
frequency will be generated as determined by the values of L-C 
in Figure 3. Under thiS-@ondition the condenser microphone, 
will have a fixed value and added to C, will cause the 
oscillator to generate a "mean" frequency, sometimes called 
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the "center" frequency, Checking Figures 4-A and.B, the mean 
frequency occurs when the a-c audio wave crosses its reference 
axis. 
ssc 
The curve of Figure 2-B represents a carrier of constant fre- 
quency with varying amplitude while the curve of Figure 4B 
represents a carrier of constant amplitude with varying: fre- 


quency. Keep this fundamental difference in mind because it 
is_important.., rn — > 


— 





ae 
oing back to the microphone of Figure 3, the diaphragm will 
vibrate at the frequency of the sound waves which strike it 
and its movement varies the oscillator frequency. Therefore, 
the Oe MS lore EEC Soh will vary at the rate of the signal 
“frequency. = 


To keep the illustration simple we will assume that with no 
action of the microphone, the oscillator operates at a fre- 
quency of 1000 ke. Then, as sound waves of some fixed ampli- 
tude strike the microphone diaphragm, its movement ene way 
increases the total capacity of the circuit just enough to 
reduce the oscillator frequency to 995 ke. At the other end 
of its travel, the diaphragm reduces the total capacity of 
the circuit by a similar amount and increases the oscillator 
frequency to 1005 kc. 


Thus, each complete vibration of the diaphragm will cause the 
oscillator frequency to shift from 1000 ke to 995 kc,’ back 
through 1000 kc, up to 1005 ke and back to 1000 ke. From 
these values, you can see that each cycle of diaphragm move- 
ment causes one cycle of frequency changes in the oscillator, 
and the bandwidth required for transmission is 1005-995 or 

10 ke, 


For example, a 400 cycle sound wave will vibrate the diaphragm 
400 times a second, therefore, the above frequency changes 
occur 400 times per second. A 1000 cycle sound wave will vi- 
brate the diaphragm 1000 times a second, therefore, the fre- 
quency changes given above will occur again but, at the rate 
of 1000 times per second, 


The important point to remember here is that each vibration 2) 
of the diaphragm causes the same changes of oscillator fre- 

quency, Different signal frequencies produce different rates 

of diaphragm vibration and therefore, cause different rates 

at which the changes of oscillator frequency take place, 


As we will explain later, the amount of frequeney-change, or = 
deviation swing, is important but, at this time we want to / pe 
emphasize only that the signal frequencies are transmitted by DB )\ 
chang ing the rate at which the oscillator or carrier a ae Nag & 
is varied, aa 
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Going back to Figure 3, we will assume that a high amplitude 
sound wave strikes the microphone diaphragm, forcing: it to 
move a greater distance. This will produce a greater change 
of microphone capacity which, in turn, will cause a greater 
change of oscillator frequency. 


Continuing. our former illustration, we will assume now that 
each complete vibration of the diaphragm will cause the os- 
cillator frequency to shift from 1000 ke to 990 ke, back to 
1000 ke, wp to 10LO ke and back to 1000 ke. This is the 

same as the former cycle of frequency changes but, the greater 
movement of the diaphragm has: caused a frequency shift of 
1010 - 990 ke. Thus the carrier occupies a 20 ke band in- 
stead of the 10 ke band of our former explanation, 


To illustrate this difference you can imagine that the curve 
of Figure 4B represents the 10 ke band width transmission 
while that of Figure 5B represents the 20 ke band. The curve 
of Figure 5A represents twice the amplitude of the curve of 
Figure 4A yet the audio signal has the same frequency because 
the audio variations provide the same variations of carrier 
frequency in the same length of elapsed time. Therefore, the 
only difference between Figures 4B and 5B is.the deviation 
from the mean carrier, and 5B has twice the deviation of 4B. 
Remember for both of these curves, the frequencyof the sig- PA 
nal determines the rate at which the oscillator, or carrier ¢ 
frequency, Swings through the band. In both cases, the oscil- 
lator output has constant amplitude. 


-For the curve of Figure 2B the strength of the signal deter- 
mines the percentage of modulation which is a ratio between 
the peak value of the modulating frequency and the peak value 
of the non-modulated carrier, 


For the curves of Figures 4B and 5B, the strength of the 
audio signal controls the amount of frequency variation a: 


the extent of modulation must be described in terms other 
than those of the amplitude modulated wave. 


In general, when referring to a class of stations operating 
in the same service, a certain maximum frequency swing may be 
agreed upon as representing 100% modulation. In the case of 
f-m broadeast stations, a frequency swing of plus or minus 

7) ke from the unmodulated center frequency is commonly con- 
sidered as being 100% modulation. 


MODULATION INDEX 


However, a recent adoption of describing the extent of modu- 
lation lies in stating the value of the "modulation index" 
(M). This index is simply the ratio of the amount by which 
the transmitted frequency swings from its average ee 
to the value of the modulating frequency. 
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For example, if the modulating frequency swings the transmitted 
frequency over the range of 75 ke, and the audio modulating 
frequency is 5000 cycles, the modulation index M, is 5000/5000 
or 1. Similarly, should the modulating frequency be 10,000 cy— 
cles, the index M is 5,000/10,000 or 5o 


Note carefully that in deseribing the extent of frequency 
modulation, the modulation percentage and modulation index 
are defined in a different manner. Summarizing these points, 
the greater the magnitude of the modulating signal the greater 
the frequency swing, which means that the modulation percent— 
age is directly proportional to the frequency swing e 


If a frequency. swing of 7 75 kc is comsidered 100% modulation, 
then a modulated carrier having a frequency swing of F 5745 ke 
would be modulated 50%, . 


The modulation index M is inversely proportional to the. highest 
modulating frequency because, using ‘the example -cited. above, 
the increase. from 5000 to 10,000 cycles as the modulating fre- 
quency caused a reduction of the index M from le to e5e 


As was explained in the lesson on Superheterodyne Receivers 5 
it is possible to generate an output voltage which contains 
the sum and difference frequencies, as well as the original 
frequencies, when two different frequencies are eombined. By 
higher mathematics it can be shown that the frequency modu- 
‘lated output is the sum of a center frequency and numerous 
pairs of sideband frequency components. The center frequency 
then is,really the unmodulated carrier, and the twoc ompon— 
ents of the first sideband pair have frequencies respectively 
higher and lower than the center frequency by the value or 
the modulating frequency, just as in amplitude modulatione 


In frequency modulation, however, there are additional pairs 
of sideband components which have amplitudes great enough to 
be- important 


For example, there may be a second pair of sideband frequen— 
cies which have values higher and lower than the center fre- 
quency by twice the value of the modulating frequencye Likes 
Wise, a third pair of sideband frequencies may exist which are 
removed from the center frequency by three times the modulating 
frequency. Sideband frequencies of higher orders may be in~ 
portant too, but under certain conditions which will be ex— 
plained, these frequencies may be neglected. 


BESSEL FACTRS 


Convenient tables have been compiled for determining the im~ 
portant sideband frequencies, and “in table 1, at the end of the 
lesson, we show Bessel Factors for finding -the-amplitudes of 
vanter and sideband frequency c-omponertts. 
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Column one represents the modulation index (M) from 0 to 6, 
the second column, Jo (M) with F just below, shows the rela- 
tive value of the amplitude of the components of the f-m wave 
compared to an ummodulated carrier of 1, where F, the carrier 
frequency is designated. The columns J) (M): to Jo (M) can 
best be explained by referring to an example, 


Considering the case of modulating frequency of 10,000 cycles 
with a frequency swing of {5000 cycles, the modulating’ index 
(M) is 5,000/10,000 or .5. For anMof ,5, J, (M) is .9585, 
indicating the amplitude of the center frequency component is . 
roughly he of the amplitude of the ummodulated carrier, The 
first pair of sidebands represented by column Jj (M), with the 
frequencies being F + 10,000 cycles and F - 10,000 cycles, have . 
an amplitude of ,223 or 24% of the carrier wave. The second 
pair of sidebands (Jp (M) /F # 2 Ry) as read opposite .5 in the 
M column is’ ,0306 or approximately 3% of the amplitude of the 
f-m carrier. Notice here, F + 2Fy is the frequency of the 
carrier 7 2 (10,000) or F j 20,000 cycles, 


The values for the third pair of sidebands (Jz (M)) are not 
shown and the actual value is less than .005 or 5% of the 
amplitude of the carrier, and thus the sideband pair is not 
important, 


F-M BAND WIDTH 


The band width of an f-m wave depends upon the number‘of im- 
portant sidebands as well as the modulating frequency, In 

the example just cited, two pairs of sidebands were important, 
The frequencies of the second pair differ from the center fre- 
quency by the greatest amount and hence determine what the 
band width will be, One of the sideband frequencies is higher 
than the center frequency by two times the modulating frequency 
of 10,000 cycles, and the other sideband frequency is lower by 
the same amount, 20,000 cycles above and 20,000 cycles below 
the center frequency gives an over-all frequency change of 
20,000 + 20,000 or 40,000 cycles, Thus, 40 ke is the required 
band width, 


To determine the band width required for an f-m transmission 
under other conditions, let's assume we desire to learn the 
band width of an f-m wave when the audio modulating frequency 
is 2000 cycles and the’ strength of modulation provides a fre- 
quency swing of 3 8 ke. 


The modulation index (M) is 8000/2000 or'4. From table 1, 
under M = 4, read to the right and find .0152 under column 

Jy (M). This data tells you that seven sidebands are important, 
the seventh sideband having 1.5% of the amplitude of the cen- 
ter frequency, The band width, however, is determined from 
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i TEM, and as Fy = 2000 cycles, 7 Fy = 2000 = 14,000 
ree Therefore, the upper sideband a is 14 ke and 
the lower sideband limit is also 14 ke. The over-all devi- 
ation or band width is 2 x 14 ke or 28,000 cycles. 


From the explanations given, and the examples shown, you can 
see that the band width of an f-m wave varies, and the accepted 
maximum limit of the sideband deviation is + 75 ke, or a band 
width of 150 ke, as stated in a previous séction of this lesson. 


The reason for the limit is not because of the nature of the 
radiated wave, but eee vo characteristics of the trans- 
mitter. lets — 


F-M VS. A-M RADIATED POWER 


You have already learned~that—the-amplitudeof an f-m wave 
is constant, and only the frequency varies with elapsed time, 
However, the average power during any r-f cycle is the same 
as for any other cycle in the transmission. Therefore, in 
order to maintain a constant power output when sideband cur- 
rents appear, the amplitude of the center frequency must de- 
crease sufficiently to keep the total "IR" product of all 
the components oe al the power of the unmodulated carrier. 


The above action is in aireet™ fontrast with the condition in 

a-m waves, The radiated power from a carrier having amplitude 
modulation varies with the magnitude of the modulation, In 
other words, the power output of the circuit of Figure 1 varies 
.Wwith the audio modulating signal, whereas the power output of 
the circuit of Figure 3 remains constant and under conditions 
of f-m the amplitude of the center or carrier frequency varies 
with modulation, 


Generally speaking, the power required for radiating an f-m 
wave is less than the power for the radiation of the same in- 
telligence in an a-m wave. Such a feature is important from 
the standpoint of transmitter operation costs and efficiencies. 


FREQUENCY M@SULATION METHODS ep 
The circuits of Tipores “Tand oa have been simpiipiedy for the 
sake of illustration and cannot be considered suitable for 
practical operation. In the circuit of Figure 1 for example, 
audio modulation of the oscillator is not satisfactory as 
the changes of plate voltage cause undesired changes of the 
carrier frequency, 


For the circuit of Figure 3, as frequency changes are desired, 
it is necessary to modulate the oscillator, but the frequency 
variation of the oscillator output would not be sufficient 

for satisfactory reception, 
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There are numerous methods of obtaining the amplitude modu- 
lated carrier of Figure 2-B, and in the same way, there are 
various methods of obtaining the freauency modulated carrier 
of Figures 4-B and 5-B. The simplified arrangement of Figure 
3 illustrates what is known as,"pure" frequency modulation 
and it is only the strength or amplitude of the signal which 
controls the swing or deviation of the oscillator frequency. 
Another system makes use of the elements found in the Auto- 


aes according to the signal, 


The method invented by Mes Edwin Armstrong operates on a 
somewhat different princi » Known a@se Modulation! to 


produce the varia “SarD 





ations of carrier frequéncy, and for the 
following” explanation, we-wili-assume that "Phase Modulation" 
is a-form or_method of Frequency Modulation. The over~all 
pecs ob Gperatron is the generation of a fixed frequency 


carrier which provides frequenty modulation when combined wit 
an'"out of phase" modulating signal. ———~ 
ee 


amen 


S PHASE MODULATION > 


Before trying to follow the action and purpose of the various 
units of a system of this kind, it will be well to review a 
few a-c principles and the methods of illustreting then. 


poten toe ——_ 





ee 


Starting at the left of Figure a we have drawn the line "0-A" 
of a length to represent the maximum value of the a-e voltage 
of some circuit. This line is called a vector and may repre- 
sent either current or voltage values. 


However, a-c values are continually changing and therefore, 

we rotate the vector O-A around the center O and consider each 
complete revolution as one cycle. It is customary to con- 
sider the rotation in an anti-clockvise direction and thus, 
the horizontal , right hand position of the vector is consid- 
ered as 0° or the beginning of the cycle. 


Following around the circle from this point, we show 12 suc- 
cessive positions of the vector and have marked them in de- 
grees as measured from the starting point. Adding 30° to the 
330° position, you will see that the 360° and 0° positions 
are the same and, if the rotation is continued, the same vari- 
ations will be repeated, 
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Also, you will remember that at 0° of a cycle, the a-c values 
-are usually taken as zero, therefore, we extend the position 
of the 0° vector over to the right and consider it as a zero 
axis.. If the vector rotates at a uniform speed it will move 
each 30° in equal time and, therefore, we divide the zero 
axis into twelve equal parts to represent this time. 


Knowing that a-c values are zero at 0° or 180° and maximum 
at 90° or 270°, we let the vertical distance, between the 
outer end of the vector and the 0° or base line, represent 
the a-c value for that particular point or phase of the cycles: 


—. 
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- To plot a curve of these changing a-c values, we first éx- 
tend horizontal lines, from the outer end of the vector, in 
the various positions. lines are then drawn vertically, fron 
the divisions of the axis, and the points at'’which correspond— 
ing lines intersect, are points on the curve. 


For example, fran the end of the 30° position, a horizontal 
line is drawn to the right while a vertical line is drawn 
up fran the 30° division of the axis. The point at which 
these lines cross, or intersect, is a point on the curve. 
Following this plan for. all twelve divisions, we have 12 
points and, joining them with a line, have a curve for one 
cycle. This, by the wy’ is what we call a sine curve or 
sine Wave. Sas ap ae oe 


The point we want to bring out at this time is the relation- 
ship between the vector and the curve. If we are concerned 
only with conditions at some particular instant or phase of 
a cycle, a vector, drawn of proper length and at the correct 
angle, will provide as much information as the curve. This 
is important because, when more than one a-c value is under 
consideration, complete curves become rather complicated 
while vectors, drawn properly as to length and position, 

can be made to serve the same purpose. 


In Figure 7-A, for example, we show an oscillator and modu— 
lator voltage, both of the same frequency, but 90° out of 
Phase. A modulator is essentially an a-f amplifier, but 

the name given it is more descriptive of its service. The 
oscillator vector is drawn vertically and the modulator vector 
dravn horizontally to provide the 90° angle between them. 

As both have the same strength or amplitude, both vectors 

are .of equal length. 


In order to add vectors, we simply complete a parallelogram, 
of which the vectors form two sides, and then draw in a dia~ 
gonal. In Figure 7-A, the vectors are at an angle of 90° and 
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of equal amplitude, therefore, the parallelogram is a square 
and the diagonal, marked "Carrier", is a vector which repree 
sents the strength and phase angle of the combination of the 
original two, The original voltages were 90° out of phase 
but, being of equal amplitude, the resultant voltage is 45° 
out of phase with both. : 


For Figure 7-B, we again have the arrangement of Figure 7A, 
except that the amplitude of the modulator has been reduced 
to 1/2 of its former value. Following the former plan, the 
resultant "Carrier" vector has been drawn in but it does not 
lie midway ‘between the original vectors. Instead > it has 
Shifted in phase by the angle "bi. 


For Figube 7-C, the modulator vector has been drawn to repre~ 
sent a value 11/2 times that of the oscillator. Following 
the former plan, wa find the resultant vector has shifted in 
phase by the angle "Cl", compared to that of Figure 7-4, ; 


Checking the three conditions of Figure 7, you can see that 
when two like freyuencies are combined at a constant phase 
difference, a change of amplitude in one will cause a phase 
shift of the resulting voltage. 


As shown in Figure 8, a similar phase shift is obtained when 
two like frequencies, of equal enplitude » are combined at 
different phase angles and Figure 8-A duplicates the. condi- 
tions of Figure 7-A, 


For Figure 8-B, the amplitude of the "Mod", vector remains 
equal to that of: the oscillator but the angle between them 
is less than 90°, As a result, the carrier is shifted by 
angle "b" as compared to that of Figure 8A. 


By increasing the angle, between the "Osc! and "Mod" of Fig- 
ure 8-C, to more than 90°, the phase shift through angle "¢" 
is produced. i 


In general, therefore, we can state. that two like frequencies 


of equal amplitude, when combined at a varying phase anglé, 
Sause-a hase shift of the resulting yoltagé. 


To show the action in a different way, for Figure 9 we have 
followed the plan of Figure 6 and rotated the "Carrier" vec~ 
tor of Figure 7-A through several cycles, The resulting curve 
is shown by the broken line which is marked "Unmodulated 
Carrier", 


To reproduce the conditions of "B" and "cu, Figure 7, we have 
drawn the "Modulated Carrier" curve of Figure 9 but, for sim 
plicity have assumed both curves to have equal amplitude, 
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Starting over on the left, at point "A" we have the conditions 
of Figure 7-A.and then, moving to the right, the modulated 
carrier curve falls behind until at ela "BM, we have the 
conditions of Figure 7-B. 


‘Continuing to the right of Figure 9, we pass through another 
point A and then to point "C! where the conditions are those 
of Figure 7~C. In effect, therefore, the phase shift causes 
the modulated carrier to lag or lead the unmodulated carriers 


Starting at the left again, between points A and By Figure 9, 
you will notice that a cycle of the modulated carrier occurs 
in a shorter horizontal distance than a cycle of the unmodu- 
lated carrier. As explained for Figure 6, the horizontal dis- 
tance represents Bileuced time and thus’ the modulated carrier 
cycle occurs in a shorter time than- the unmodualted carrier 
cycle. 


In electronics, frequency means the number of cycles per 
second or, as an equation 


fe 
t 


when 
f = frequency in cyclés per second 
t = time of one cycle, in seconds 


Going back to Figure 9, and keeping this equation in mind, 
if one cycle of the modulated carrier occurs in a shorter 
time, its frequency must be higher than that of the unmodu~ 
lated carrier. ; 


Between points B and C of Figure 9, the modulated carrier 
cycles require a greater time and thus the frequency is lower 
than that of the unmodulated carrier. Notice also, at points 
"A" which can be thought of as zero modulation, there is zero 
phase shift and the frequency of both curves is the same. 


Thus, a.change of amplitude or phase, of the modulation, as 
shown in Figures 7 and 8, causes a phase shift in the re— 
sultant carrier and in Figure 9, you can sée that this phase. 
shift corresponds to a change of frequency. The final re- 
sult therefore is similar to that explained for the simpli- 
fied circuit of Figure 5e 


GENERAL REQUIREMENTS 


Major Armstrong lists two basic requirements of a Frequency 
Modulated Transmitter as, 


ee 
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1. ‘The frequency transmitted by an f-m_system should vary 
alternately above and below a fixed frequency which is the 
assigned carrier. These variations should be symmetrical 
with respect to the said frequency, pass through it and re- 
turn exactly to this carrier when modulation stops. ~~ 


2, "In the transmitter, the frequency deviation of the f-m 
wave at any instant must be directly proportional to the in- 
tensity of the modulating current resulting from the program. 
This deviation in frequency, however, must be independent of 
the frequency of this modulating current." 


MAJOR ARMSTRONG 'S SYSTEM 


To meet the requirement of a a fixed carrier frequency, Major 
Armstrong employs a “crystal “controlled oscillator of the type 
commonly used by amplitude modulation systems. However, this 
fréqiency must be varied according to the signal and, for Ro 
Figure 10, we have- a simplified sketch of “Ma jor” Teens trong ' Ss 
system. 

Starting at the left, the crystal controlled oscillator out- 
put is divided into two parts, one of which passes into the 
upper amplifier and the other into the balanced modulator. 





The audio signal is picked up in the usual way, by means of a 
microphone, the output of which passes through a correction 

network so that the signal voltage is inversely proportional 
to its frequency, In any system of Radio Transmission, the 

high frequencies are attenuated most and by making the proper 
correction at this point, it is possible for the receiver to 
reproduce all signal frequencies with more uniform amplitude. 


The corrected signal frequencies, marked "Audio Input" on 
Figure 10, are also fed into the balanced modulator and mixed 
with the oscillator frequency, Because of its balanced cir- 
cuit, the modulator output does not contain the oscillator 
frequency but only the combinations of oscillator and signal 
frequencies which are considered AS the "Sidébands" or the 
carrier. In the heterodyne principle, combining two waves 
pioiluces sum ‘and difference frequencies. The removal of the 
rier of a modulated wave leaves the sum of the sideband 
connOnentS” which are Sometimes called the double _Sidebands, 
These sideband frequencies are then shifted ‘in phase by 90° 
and ‘mixed | with the output of the oscillator amplifier, to 


provide frequency modulati ion. 


Thinking of the oscillator and phase shifter outputs as being 
of equal amplitude, the conditions of Figure 8 are present in 
effect because the varying frequencies of the sidebands will 
cause a variation in the 90° angle between them and the oscil- 
lator frequency. 
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The action here, as already explained, will cause a phase 
shift and frequency change of the resulting voltage. At this 
point, however, the actual frequency change is quite small 
and for a 200 ke oscillator, the deviation is about 15 to 20 
cycles. ———_. 


- 


Going back to Figures 3, 4 and 5, the deviation in frequency 
is proportional to the amplitude of the signal while in the 
f'-m receiver the deviation in frequency is converted into 
corresponding changes of amplitude., To provide proper re- 
ceiver operation and satisfactory signal to noise ratio, the 
deviation of Figure 10 must be greatly increased. 


Yet is is not practical to provide an initial frequency devia- 
tion such that the sideband amplitude is made greater than 
about 1/5 the amplitude of the carrier. To exceed this value 
introduces amplitude variations which are undesirable, and 

the phase deviation will no longer be proportional as deter- 
mined by the amplitude of the modulating voltage. Thus only 
a slight frequency shift should be produced in the phase shift 
modulator. 


<s FREQUENCY DEVIATION MULTIPLICATION ey 
To overcome these limitations it is common practice to employ 
a low frequency crystal oscillator followed by frequency multi- 
pliers which increase the frequency deviation as well as the 
carrier or mean frequency. 


Most oscillators produce harmonic frequencies, in addition 

to the one to which they are tuned. The tuned frequency is 
the "Fundamental" and two times the Fundamental is the "Second 
Harmonic", three times the fundamental, the "Third Harmonic” 
and so on, 


A simple Frequency Doubler is usually a stage or arrangement 
in which the input circuit of a tube is tuned to the funda- 
mental frequency while the output circuit is tuned to the 
second harmonic. For a "Tripler", the output circuit is 
tuned to the third harmonic, 


Compared to the earlier experiments in Frequency Modulation 
in which an effort was made to reduce the bandwidth, Major 
Armstrong's system employs a bandwidth of approximately 150 
ke, This, you will notice is very wide in respect to the 
10 ke band of the amplitude modulated Broadcast signal. 


DOUBLER STAGES 
To obtain this broad band, from the small frequency deviation 
explained for Figure 10, the signal is passed through a number 
of doubler stages, You can think of these as stages which 
amplify the frequency deviation. 
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For example, if the output of Figure 10, with a 20 cycle de- 
viation, is passed through 13 doubler stages, the final out- 
put will have a deviation of over 160 ke, As the oneration 
of a doubler stage is not critical, the f-m transmitter in- 
cludes a sufficient number to provide the necessary deviation, 


In order to obtain distortionless modulation from a phase 
shift modulator, the maximum phase deviation of the f-m volt- 
age at the output should not exceed .2 radian. The term 
"radian" is really another method SP nearing angles, and 
turning to Figure 6, the 360° of the circle form 2x radians 
Dividing 360° by 2n (6,28) results in a value of about 57° 
for each radian, Therefore, .2 of a radian is .2 x 57° or 
about 11.4°, 


In Figure 9 we have indicated the radian displacement of the 
modulated and urmodulated carrier although the drawn displace- 
ment of these two waves is greater than allowable in actual 
eircuits, 


It may be believed that multiplication of the deviation could 
go on and on, but there is a practical limit and the accepted 
ratio of the maximum frequency deviation of the transmitter 
output wave to the highest modulating frequency is 5 to 1. 


For example, in f-m broadcast service, the maximum frequency 
deviation is 75 kc for the highest a-f modulating frequency 
or 15,000 cycles, and this is equivalent to a modulation in- 
dex of 75,000/15,000 or 5. or a maximum phase deviation of 

5 radians, 


pit the lowest modulating frequency is 50, the modulation in- 
dex is 75,000/50 = 1500, equivalent to a phase deviation of 
1500 radians. From this data, it can be shown that the re- 
quired frequency deviation multiplication, in order to raise 
the .2 radian phase shift at the phase-shifter to 1500 radians 
at the output of the transmitter, is 1500/.2 or 7500. 


Here again, using doublers, 13 doubler stages would be required 
because 2°59 (2 x 2x 2 -- thirteen times) results in 8,192, 
Of course, other arrangements or doubler and tripler stages 


could be employed to achieve the desired multiplication, 


\_Fat FRO PAGATION >) 
The present f-m station channel width is 200 ke » While the 
a-m broadcast station occupies ab width of ke, It is 
easy to see “few 200 ke channels could be allocated 
in the standard Broadcast band, Commercial f-m stations have 


been assigned a special band of transmitting frequéf¢tes above 
80 ie—_—— Sie r= 7 oS 
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As both a-m and f-m propagation require the same medium, it 
would be well to review the Lesson on Antennas in order to 
recall the behavior of electromagnetic waves in space, It 
“4s lmown the ionized layer (E, Fy and Fg) contain compara- 
tively large numbers of free electrons and thus have the 
property of refracting radio waves. Whether or not the wave 
will be bent back to the earth depends on the frequency of 
the wave, the height of the refracting layer, and its densi- 


ty of ionization. = e 
(Ar 


In general, the wavés of a-m stations in the Broadcast band 
are reflected, whereas the f-m waves above 30 - 40 me pene- 
trate the ionized layers and are-not returned to earth. 


As previously stated, the sky wave of a-m broadcast stations 
is predominate at night, and considering only the ground 
wave, the field strength at a receiving point remote from 
the transmitter depends upon the loss sustained by the wave. 
The amount of this loss depends upon the distance traveled, 
the conductivity of the earth, and the frequency of the 
transmitted wave. /Of these factors, we are primarily con- 
cerned with the frequency of the wave, and field tests have 
indicated that the strength of the a-m wave decreases as the 
frequency increases. Therefore, the higher frequency of an 
f-m wave will have less "coverage", a 
ea 


High frequency waves have the property of traveling in straight 
lines, much like light, and therefore, are often called "Quas i- 
Optical". In general, a receiver should be within the "line oe 
of sight" coverage of a transmitter for satisfactory reception 
of f-m signals, although tests have shown it is possible to 
provide good signal strength at distances greater than twice 
the "line of sight! when the radiation power of the f-m sta- 
tion is relatively great. This is possible partly due to the 
wave following the curvature of the earth, -—S~;~ 


A condition which very often occurs, particularly at high 
frequencies, is the creation of a_'shadow'' area. This is 

the reduction of signal strength behind an object which is 
large enough to reflect the initial wave. Shadow areas be- 
come more ndticeable as the frequency of the wave is increased. 
However, such conditions are partially corrected by erecting 
the f-m transmitter antenna relatively high and designing the 
antenna array for the purpose of concentrating the radiated 
power toward the horizon, 


f a 
(NURFRENCE CONSIDERATIONS —> 


Satisfactory reception not only depends upon sufficient sig- 
nal strength but also on the exclusion of signals which spoil 
the program of the desired station, In a-m transmission of 
the Broadcast band, the ratio of the desired signal to the 
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undesired signal must be about 100 to 1 for good reception, 
whereas a ratio of 2 to 1 is adequate in an f-m system. As 
the eae ‘range: of fn stations. is approximately the same 


ical Separation ‘between stations than in the case of a-m 


sta tion So. 





The use of f-m at very high frequencies offers a solution 
fort the serious interference problem encountered in a-m 
broadcasting. Even the reduction of a-m power at sunset, 
_40 ke separation of local stations, and the use of direction- 


al antennas 3 does_not reduce ‘the a-m interference conditions 
toa satisfactory Tevel, 





_ FREQUENCY ALLOCATIONS = 


It is indeed soatinate that we have such a body as the Fed~ 
eral Canmunication Commission to regulate the charactér of 
radio communication. There are many "classes of transmiss— 
ion® such as — "'Transoceanic', ‘Ship to Shore", "Ship to Ship", 
"Navigation", "Government", Mircrattl, "Broadcasting", ele 


vision", Wanateurl, “MMeteorologieai™; iNon-Governnent and 
Governnent fixed and mobile transmissions", as well as experi~ 
mental . Services » ae oe 

It has been quite a task for the FCC to allocate suitable 
frequencies for all these: services in the Radio Spectrum. 

For the present, new fn transmission will be. located in 

the band of frequencies extending fron — ~ 88 to, 108 3 mega— 
cycles » 


The term f-m broadcast "channel" means a band of frequencies 
2.00 ke wide and.is designated by its center frequency. Chane 
nels for f-n broadcast stations begin at 88.1 mc and continue - 
in su successive 2 steps of 00° ke to and dnoliding 107.9 MC 


The "term service" area as applied to > fan vecadoaaktnga means — 
that service resulting from and assigned effective radiated 
power and anbenna height above average terrain. 


Although some service is provided by reflected waves, the 
service area is considered to be only that served by the 
ground wave. The extent of the service is determined by 
the point at which the ground wave isno longer of suffi- 
cient intensity to provide satisfactory broadcast services 
For city business or factory areas, the field intensity 
should be 1,000 microvolts per meter. For rural areas 

the field intensity considered necessary for service. 
should be 50 microvolts per meter. 
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The Federal Communication Commission have set up certain 
standards of good engineering practice and these will neces- 
sarily be revised from time to time as progress is made in 
the art. The commission will accumulate and analyze engineer- 
ing data available as to the progress of the art so that these 
standards may be kept current with technical developments. 


The_ass ignment on Frequency Modulation Receivers will ex 
the basic fundamentals involved in the reception fone Ee 
us mg $50 uae of Ep reosmise ion. eae 


BESSEL FACTORS FOR FINDING AMPLITUDES OF CEXTER AND SIDEBAND FREQUENCY COMPONENTS 
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To find the amplitude of any sideband pair, enter the table with the modulation index M, read the amp- 
litude factor for the sideband pair and multiply the factor by the amplitude of the unmodulated carrier. 
The amplitude of the center frequency component is found in the same manner, taking the factor from the 
J,(M) column. ; ; : : ; 

Where no value is given, the actual value is less than .005 and the sideband pair is not important. 
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9. 


10, 


QUESTIONS AND ANSWERS 


What is meant by "Frequency Modulation"? 
Frequency Modulation is a form of modulation’ whereby sound 
signals control the frequency of the carrier. 


In f-m systems, what controls the rate of change of the 
carrier frequency? 
The rate of change is controlled by the frequency of the 
modulating signal, 


In f-m systems, what controls the amount of frequency devia- 
tion? 

The amplitude of the modulating signal controls the amount 
of frequency deviation. 


(a) What is the modulation index of an f-m modulation system 
in which the frequency deviation is 10 ke and the audio modu- 
lating signal is 5000 cycles? (b) From Table 1, how many 
pairs of side bands are important? 

(a) Modulation index = 10,000/5,000 = 2. 

(b>) From column J5, 5 side band pairs are important, 


What band width will be required for the transmission of an 
f-n signal when the modulation index is 1 and the audio modu- 
lating signal. is 4000 cycies? 

From Table 1, there are 3 important pairs of side bands, The 
greatest deviation will be 3FM or 3 x 4000 = 412000 cycles, 
As the band width is 2 times the deviation, the required band 
width is 2 x 12000 or 24 ke, 


In an f-m system of electromagnetic wave propagation, does 
the transmitter output vary or remain constant under condi- 
tions of audio modulation? 

In f-m transmission, the output power remains constant. 


What is meant by "Phase Modulation"? 

Phase modulation is a form of f-m which causes the generation 
of a fixed carrier frequency and provides f-m when combined 
with an out-of-phase modulating signal. 


In the Armstrong method of phase modulation, why is a crystal 
controlled oscillator employed? 

The oscillator is crystal controlled in order to maintain a 
fixed mean frequency of the carrier, 


What causes undesirable amplitude variations in a phase shift 
modulator? 

Excessive deviation introduces undesirable anplitude variations 
and does not permit proportional frequency changes as determin- 
ed by the modulating signal. In effect, both factors are dis- 
tortion, 


What deviation multiplication is required to raise a ,2 radian 
phase shift at the phase-shifter to 1200 radians at the out- 
put of the transformer? 


ltinli c = 12 2 
rrp 3 iplication = 6000 


